Proton beam therapy (PBT) is the preferred modality for early-stage lung cancer. Compared with X-ray therapy, PBT offers good dose concentration as revealed by the characteristics of the Bragg peak. Rib fractures (RFs) after PBT lead to decreased quality of life for patients. However, the incidence of and the risk factors for RFs after PBT have not yet been clarified. We therefore explored the relationship between irradiated rib volume and RFs after PBT for early-stage lung cancer. The purpose of this study was to investigate the incidence and the risk factors for RFs following PBT for early-stage lung cancer. We investigated 52 early-stage lung cancer patients and analyzed a total of 215 irradiated ribs after PBT. Grade 2 RFs occurred in 12 patients (20 ribs); these RFs were symptomatic without displacement. No patient experienced more severe RFs. The median time to grade 2 RFs development was 17 months (range: 9-29 months). The three-year incidence of grade 2 RFs was 30.2%. According to the analysis comparing radiation dose and rib volume using receiver operating characteristic curves, we demonstrated that the volume of ribs receiving more than 120 Gy 3 (relative biological effectiveness (RBE)) was more than 3.7 cm 3 at an area under the curve of 0.81, which increased the incidence of RFs after PBT (P < 0.001). In this study, RFs were frequently observed following PBT for early-stage lung cancer. We demonstrated that the volume of ribs receiving more than 120 Gy 3 (RBE) was the most significant parameter for predicting RFs.
Introduction
Lung cancer is associated with a high mortality rate in Japan (Matsuda et al. 2013) . Local surgery is the standard treatment for early-stage non-small-cell lung cancer (NSCLC). On the other hand, small-cell lung cancer is characterized by the early development of widespread metastases; therefore, with a few exceptions, local surgery is not the standard treatment. Stereotactic radiotherapy (SRT) is the established treatment for early-stage lung cancer that is inoperable because of medical contraindications, and it achieves good local control (McGarry et al. 2005; Nagata et al. 2005; Timmerman et al. 2006; Baumann et al. 2009; Shirata et al. 2012) . However, desired dose applications within target volumes are limited because of the proximity to critical normal tissues. Also, the incidence of rib fractures (RFs) following SRT for early-stage lung cancer ranges from 4% to 37.7% (Pettersson et al. 2009; Dunlap et al. 2010; Andolino et al. 2011; Welsh et al. 2011; Asai et al. 2012; Creach et al. 2012; Mutter et al. 2012; Stephans et al. 2012; Taremi et al. 2012; Nambu et al. 2013) .
Compared with X-ray therapy, proton beam therapy (PBT) offers good dose concentration, as revealed by the characteristics of the Bragg peak, and provides advantages over SRT in terms of decreasing doses to normal tissues as well as in treating early-stage NSCLC (Georg et al. 2008; Kadoya et al. 2011) . Kanemoto et al. (2013) discussed RF following PBT for peripheral hepatocellular carcinomas, excluding central lesions, which were treated with 66 cobalt Gy equivalents [Gy; relative biological effectiveness (RBE)] in 10 fractions. In early-stage lung cancer with central lesions, critical organs, such as the esophagus, gastrointestinal tract, and heart, often impose limitations on the prescribed dose to a target volume. Therefore, the following tumor location-dependent prescribed doses are used for early-stage lung cancers in the Southern Tohoku Proton Therapy Center (STPTC): 66 Gy (RBE) in 10 fractions and 80 Gy (RBE) in 25 fractions.
PBT-induced RF is a clinical complication that occurs in patients with early-stage lung cancer and hepatocellular carcinoma. The risk factors and dose parameters for RFs have been analyzed in several previous studies (Taremi et al. 2012; Nambu et al. 2013 ). However, little is known regarding RFs following PBT, which often cause prolonged pain, long-term disability, and a decreased quality of life (Richardson et al. 2007; Nirula and Mayberry 2010; Kanemoto et al. 2013) . Therefore, in the current study, we investigated the cumulative incidence and dose-volume responses of RFs following PBT for early-stage lung cancer.
Materials and Methods

Patients
Between January 2009 and January 2012, 52 early-stage lung cancer patients (33 males, 19 females) with stage I NSCLC were treated with PBT at STPTC ( Table 1) . The study was approved by the research and ethics committee of STPTC. The authors conformed to the ethical guidelines of the 1975 Declaration of Helsinki (revised in 2000). The median age at treatment was 78 years (range: 61-89 years). Histological cancer types were adenocarcinoma (n = 26; 50%), squamous cell carcinoma (n = 10; 19.2%), bronchioloalveolar carcinoma (n = 3; 5.8%), and "not otherwise specified" (n = 13; 25%). Eastern Cooperative Oncology Group performance status was 0 for 36 patients, 1 for 12 patients, and 2 for 4 patients. Twenty-seven lesions (51.9%) were treated with 66 Gy (RBE) in 10 fractions, and 25 lesions (48.1%) were treated with 80 Gy (RBE) in 25 fractions.
Treatment protocols
We used two tumor location-dependent protocols for early-stage lung cancer: 66 Gy (RBE) in 10 fractions and 80 Gy (RBE) in 25 fractions. The first protocol, 66 Gy (RBE) in 10 fractions, was applied to peripheral tumors that were not adjacent to the esophagus, gastrointestinal tract, or heart. The second protocol, 80 Gy (RBE) in 25 fractions, was used for tumors located near the proximal bronchial tree, esophagus, or heart (Fig. 1) . For this study, the proton-equivalent dose was defined as the physical dose (Gy) × 1.1 RBE. The equivalent dose was calculated using a linear quadratic equation. Because different fractionation schemes were used for patients examined in this study, we used the biologically effective dose (BED) rather than the physical dose. A dose of 66 Gy (RBE) in 10 fractions was used for peripheral tumors. A dose of 80 Gy (RBE) in 25 fractions was used when the tumor was located near the proximal bronchial tree.
where n was the number of fractions and d was the dose/fraction. The α/β tumor ratio was set at 10 Gy. Late-responding tissue was assigned an α/β = 3 Gy. BEDs for 66 Gy in 10 fractions and 80 Gy in 25 fractions calculated with an α/β = 10 Gy were 110 and 106 Gy 10 (RBE), respectively. A BED with an α/β = 3 Gy was used to determine the radiation dose to ribs [Gy 3 (RBE)]. Dose-volume histogram (DVH) parameters used were as follows: V100, volume of rib receiving > 100 Gy 3 (RBE); V120, volume receiving > 120 Gy 3 (RBE); V140, volume receiving > 140 Gy 3 (RBE); V160, volume receiving > 160 Gy 3 (RBE); and V180, volume receiving > 180 Gy 3 (RBE). In addition, relationships were determined for RFs incidence and the maximum dose (D max ) Gy 3 (RBE) to irradiated ribs.
Proton delivery system
The PBT system (Mitsubishi Electric Corp., Tokyo, Japan) used in the STPTC has a synchrotron that can accelerate protons up to 235 MeV. This system uses a passive scattering method wherein a proton beam passes through a bar ridge filter, a range shifter, and a customized compensator before entering a patient. The wobbler system is comprised of two dipole magnets, and scattering elements create a broad, flattened beam at the final aperture. A bar ridge filter is combined with this system to produce a three-dimensional, uniformly spread Bragg peak. The spread out Bragg peak widths were used 30, 40, 50, 60, 70, 80, 90, 100, 110 and 120 mm. The multi-leaf collimator is comprised of 40 3.75-mm-wide iron plates. These plates can be molded into any irregular shape. A range shifter is used to determine the maximum proton penetration depth, and the customized compensator is used to confirm the dose to the distal edge of the target.
Treatment planning
A commercial treatment planning system (XiO-M; Elekta, Stockholm, Sweden/Mitsubishi Electric Corp.) was used to calculate dose distributions for PBT. PBT was planned using a pencil beam algorithm (Hong et al. 1996; Akagi et al. 2006) . The normalization point (100%) was defined as the center of the planning target volume (PTV). The exhalation phase, determined by respiration-gated computed tomography (CT), was used in our treatment plan. The respiratory phase was monitored with abdominal wall movements. The gross tumor volume contours were manually outlined on serial lungwindow CT images. The clinical target volume was defined as gross tumor volume with a 5-mm margin in all directions. The clinical target volume was expanded by 5 mm in all directions for set-up uncertainty, and an additional 5-10-mm margin to create PTV was included in caudal axes to compensate for uncertainty due to respirationinduced tumor movements. Beam shapes were optimized using the multi-leaf collimator.
Ribs to be irradiated by proton beams were contoured during treatment-planning CT. The air gap was 10 cm, and the proton beam incidence was restricted to two directions. Two proton beam energy levels, 150 and 210 MeV, were determined with the depths of distal and proximal edges of a target. Distal, proximal, and smearing margins were fundamentally calculated using Strategy 2 as reported previously (Moyers et al. 2001) . Treatment parameters were adjusted according to PTV coverage and organ-at-risk position. For PTV planning, the beam incidence for PBT was restricted to two to three directions.
Pretreatment assessment and follow-up
All patients underwent fluorodeoxyglucose positron emission tomography before treatment as part of their staging. Follow-up evaluations were conducted at intervals of 1-3 months during the first year and every 6 months thereafter. RF was assessed by follow-up chest radiography or CT.
Toxicity scoring
Late rib toxicity was scored using the Common Terminology Criteria for Adverse Events, version 4.0. Briefly, asymptomatic patients with radiographic findings alone were considered as grade 1. Symptomatic patients without displacement were considered as grade 2. Symptomatic patients with displacement or open wounds with bone exposure that required surgical intervention were considered as grade 3. Grade-2 rib toxicity did not include chest wall pain due to myositis and neuralgia without RFs.
Statistical analysis
Our primary end point was grade 2 rib toxicity. Complication rates were determined from Kaplan-Meier estimates. Clinical variables were assessed by univariate analyses (log-rank test). Receiver operating characteristic (ROC) curves were generated to derive dosevolume constraints from retrospective clinical data. For this study, ROC curves were used to determine optimal DVH cut-off values for predicting RFs. Patients were categorized into groups above and below these optimal cut-off values. Statistical analyses were performed using the JMP software, version 10 (SAS Institute Inc., Cary, NC, USA). A P-value of < 0.05 was considered significant.
Results
Incidence of RFs
Patient follow-up periods ranged from 11 to 50 months (median: 33). Data for 52 patients with a total of 215 irradiated ribs were available for analysis. Grade 2 RFs occurred in 12 (23.1%) patients (20 ribs). No patient experienced grade 3 or 4 RFs. The median time to grade 2 RFs development was 17 months (range: 9-29 months). RFs appeared no earlier than 9 months after initiating PBT. Fig.  2 shows PBT dose distributions for NSCLC and RFs following PBT.
The 3-year cumulative incidence of grade 2 RFs was 30.2% (95% confidence interval: 14.952.1%; Fig. 3 ). Grade 2 RFs occurred in 5 (9.6%) patients who were treated with 66 Gy (RBE) in 10 fractions and in 7 patients (13.5%) who were treated with 80 Gy (RBE) in 25 fractions. KaplanMeier curves for 66 and 80 Gy (RBE) revealed no significant difference with regard to grade 2 RFs (P > 0.05; Fig.  4 ).
Dose-volume relationships
Rib contours were manually outlined on serial bonewindow CT images. We did not contour cartilage. DVH was calculated for each irradiated rib as determined by treatment-planning CT. Table 2 presents dose-volume parameters and each optimal cut-off point obtained using ROC curve analysis. Areas under the curve from ROC plots for V100, V120, (RBE) . This demonstrated that the greatest area under the curve was found for V120, and the optimal cut-off point was 3.7 cm 3 .
Discussion
SRT and particle therapy (with proton and carbon-ion beams) have both been used to treat early-stage NSCLC. RFs are late radiotoxicity-related complication. In our study, grade 2 RFs occurred in 12 patients following PBT (19.4%), with a three-year cumulative incidence rate of 30.2%. With regard to SRT, several groups reported RFs frequencies ranging from 4% to 37.7% after SRT for earlystage NSCLC; these rates were not much higher compared with those observed in our study (30.2%) (Pettersson et al. 2009; Dunlap et al. 2010; Andolino et al. 2011; Welsh et al. 2011; Asai et al. 2012; Creach et al. 2012; Mutter et al. 2012; Stephans et al. 2012; Taremi et al. 2012; Nambu et al. 2013) . Although PBT reportedly offers advantages over SRT, it has not been reported to dramatically reduce RFs incidence (Georg et al. 2008; Kadoya et al. 2011) .
Some studies on SRT have reported a greater decrease in RF incidence than that observed in our study (Stephans et al. 2012; Taremi et al. 2012; Nambu et al. 2013) . One reason for such differences between PBT and SRT is that the former may yield higher entrance doses compared with the latter, because of the smaller number of beams involved in PBT. Generally, two or three beams are used during PBT for lung cancer treatment because using fewer beams reduces the irradiation of normal tissue (i.e., lung tissue) and an excessive amount of time is needed to create the customized compensator required for each beam to achieve a distal PTV dose conformity in passively scattered PBT. Thus, increasing the number of beams and other irradiating techniques (layer-stacking and spot-scanning methods) may improve the high entrance dose (Kanai et al. 2006; Arjomandy et al. 2009 ). However, additional research is needed to resolve this issue.
With regard to PBT for other areas, Kanemoto and coworkers (2013) reported a five-year cumulative RFs incidence of 22% in 67 patients with hepatocellular carcinoma treated with PBT. The RF incidence in that study was lower than that in our study possibly because the radiation exposure associated with hepatocellular carcinoma was limited to the lower right ribs. In addition, the possible complications differ between patients with hepatocellular carcinoma and those with lung cancer. Pulmonary complications, such as chronic cough or respiratory discomfort, may increase the risk of RFs following PBT. Hanak et al. (2005) reported that cough-induced RFs primarily occurred in females with chronic cough. Several underlying mechanisms for cough-induced RFs have been speculated on. A strong bending force during chronic coughing may cause RFs. Moreover, shearing forces generated by the serratus anterior and external oblique muscles may also be a cause.
With regard to conventional radiotherapy, Emami et al. (1991) suggested that a tolerance dose of 5/5 (tolerance dose resulting in toxicity in 5% of patients at five years) and 50/5 for partially irradiated rib cages were 50 and 65 Gy, respectively. In that study, BEDs for 50 and 65 Gy calculated with α/β = 3 Gy were 83 and 108 Gy 3 (RBE), respectively; these values were lower than our results for V120 with PBT. Using ROC curves for dosimetric parameters with SRT, Asai et al. (2012) evaluated doses administered to 374 ribs and reported a 3-year fracture rate of 37.7%. Further, they reported that D max , V40, V30, and V20 were significantly higher in fractured ribs than in nonfractured ribs. BEDs for 40, 30, and 20 Gy calculated with α/β = 3 Gy were 200, 150, and 100 Gy 3 (RBE), respectively. Compared with our results, V120 was included in these results with SRT.
However, our results indicated no relationships with high-dose regions because PBT does not yield a dose as high as > 200 Gy 3 (RBE). Therefore, with PBT, this moderate dose may be more important than a high dose for predicting RF incidence. In addition, Kanemoto et al. (2013) reported that V60 was the most significant parameter following hypofractionated PBT for hepatocellular carcinoma. Their dose-volume parameter was lower than that in our study on NSCLC.
Low-dose regions may be related to RFs following PBT for hepatocellular carcinoma. The reasons for the differences in RF DVHs between hepatocellular carcinoma and NSCLC may include tumor location and prescribed dose. Furthermore, the study by Kanemoto only included patients with peripheral hepatocellular carcinoma who underwent PBT with 66 Gy (RBE) in 10 fractions (Kanemoto et al. 2013) . However, the converse is observed in patients with primary lung cancer associated with central lesions. Therefore, several prescribed doses are necessary to treat NSCLC (McGarry et al. 2005; Nagata et al. 2005; Timmerman et al. 2006; Xia et al. 2006; Baumann et al. 2009; Shirata et al. 2012) .
The current study had several limitations. The median follow-up period of 33 months may have been too short to make definitive statements regarding late toxicities. Johansson et al. (2002) reported that late radiation-induced reactions often occurred after > 90 days (typical range: 0.5-5 years). Furthermore, we did not identify an association between grade 2 RFs and the clinical factors that were evaluated. Patient characteristics may be associated with RFs incidence. With regard to SRT, several groups have reported that age and other patient characteristics are associated with RFs incidence. Taremi et al. (2012) reported that among 46 consecutive patients, age and female gender were significantly associated with RF. In contrast, Stephans et al. (2012) reported that no patient characteristics were predictive of toxicity, including age, body mass index, or the presence of diabetes/hypertension/peripheral vascular disease, although current smoking status revealed an association. Nambu et al. (2013) reported smaller tumor-chest wall distance as a significant risk factor for RFs following SRT.
Another important factor that affects the incidence of late RFs is the accuracy of the dose calculations. In our study, the dose-volume parameters were examined for pencil beams. This method is frequently used by proton therapy centers. In a pencil beam dose calculation, patient's CT images are used as the model, and the patient is remapped with fluids of varying densities that are converted from CT values for individual voxels. Therefore, differences between these fluids and actual tissues may yield errors with regard to scattering power. Jiang et al. (2007) used a Monte Carlo algorithm to demonstrate this difference. Furthermore, Paganetti et al. (2008) found differences between a Monte Carlo algorithm and pencil beam calculations and these differences depended on the presence of airbone-tissue interfaces. It may be necessary to verify uncertainties of these differences using a Monte Carlo algorithm.
RFs are frequently observed following PBT for earlystage lung cancer. DVH parameters are useful for predicting the incidence of RFs after PBT. In this study, we determined that the volume of a rib that received a BED > 120 Gy 3 (RBE) [V120], which had a cut-off point of 3.7 cm
